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Abstract: Understanding the spatial and temporal effects of variable environmental conditions on demographic character-
istics is important in order to stop the decline of endangered-species populations. To capture interactions between a species 
and its environment, in this work the demographic traits of the European ground squirrel (EGS), Spermophilus citellus, 
were modeled as a function of agricultural landscape structure. The habitat suitability index was determined for 20 locali-
ties within the study area based on habitat use, management and type. After mapping the habitat patch occupancy in the 
field, crop cover maps, the average normalized difference vegetation index (NDVI) and automated water extraction index 
(AWEI) were obtained from satellite images covering the period 2013-2015. This data was used to develop population-level 
generalized linear models (GLMs) and individual-level conditional mixed-effects models (GLMMs) in R package Ime4, 
focusing on the key demographic traits of the EGS. The land composition and patch carrying capacity (PCC) are the key 
determinants of the endangered EGS population size, while system productivity is the main factor influencing individuals’ 
body condition after monitoring for variations across sampling years and age classes. The proposed landscape structural 
models show that human activities and abiotic factors shape the demographic rates of the EGS. Thus, to conserve threatened 
species, an appropriate focus on the spatial adaptation strategies should be employed.
Keywords: normalized difference vegetation index (NDVI); automated water extraction index (AWEI); demographic traits; 
Spermophilus citellus; habitat
INTRODUCTION
In agricultural settings, open grassland ecosystems 
host a significant number of species and have been 
recognized among the most threatened ecosystems 
on the planet [1]. The grasslands at the southern edge 
of the Pannonian Basin (e.g., the region of Vojvodina 
Province in Serbia) are particularly affected by agri-
cultural intensification and land use degradation as a 
consequence of adverse local and regional agricultural 
policies [2]. Increased fragmentation has resulted in 
the isolation of populations of many species and has 
reduced habitat availability. Furthermore, the effects 
of interaction of past and current environmental con-
ditions with species population traits, such as size, 
density and sex structure, or with individual traits 
such as body mass, length and fitness, can be detected 
through changes in population demographic rates [3,4].
To capture these interactions, as a part of the cur-
rent investigation, the population traits of an endan-
gered small mammal, the European ground squirrel 
(EGS), Spermophilus citellus, were modeled as a func-
tion of landscape structure. The EGS is a ground-
dwelling sciurid, obligatory hibernator endemic to 
central and southeastern Europe [5]. EGS is a grassland 
specialist, inhabiting a variety of natural, semi-natural 
and artificial open grassland habitats across its range 
[6]. Its numbers are in continuous decline, especially 
in the southern, northern and northwestern parts of 
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the species’ range due to adverse changes in land use 
practices [7]. A 30% overall population decline has 
been estimated over the last decade, due to which it 
is listed on the IUCN Red List as Vulnerable [5]. Most 
populations of the species in Serbia are situated in Vo-
jvodina, the northernmost region of Serbia [8,9]. Due 
to land conversion and infrastructural development, 
these populations are fragmented and their habitats 
are surrounded by arable land.
To mitigate these negative effects, in 2010 the In-
stitute for Nature Conservation of Vojvodina Province 
promoted the Regional Eco Network of Habitats [10], 
comprised of protected areas, eco network elements, 
corridors and their surroundings. As these elements 
and their surrounding areas differ in protection status, 
as well as in temporal, spatial and microclimatic char-
acteristics, revision or evaluation of their individual 
contributions to specific species protection efforts is 
required. In order to further support regional biodiver-
sity, a reassessment of the conservation area networks 
and a better understanding of the magnitude of their 
dynamics are especially important since empirical 
evidence indicates that environmental changes have 
the potential to alter individual traits and popula-
tion dynamics, as well as increase the vulnerability of 
many species [11-14]. Most of extant studies in this 
field have focused on the species inhabiting polar or 
tropical areas, as well as high altitudes. In this work, 
the impact of a changing environment on a temperate 
small mammal species was investigated. 
To better understand the interaction between the 
EGS and the environmental conditions character-
izing its habitat, the species’ colonies were modeled 
both at the individual and population levels within 
the predefined landscape structure. This landscape 
structure is situated in an agricultural area inside a 
local ecological corridor in Central Banat (Serbia), 
recognized and labeled by the Institute for Nature 
Conservation of Vojvodina Province. In order to re-
late the EGS population dynamics to its environment, 
population-level generalized linear models (GLMs) 
as well as individual-level conditional mixed-effects 
model (GLMMs) were developed. Quantifying this 
relationship should contribute to a better understand-
ing of the potential effects of changing environmental 
conditions on further local population changes.
MATERIALS AND METHODS
Study area
The area covered by the present study included 20 EGS 
colonies found within the mosaic landscape of semi-
natural and natural open grassland areas in Central 
Banat, and span across Bočar, Novo Miloševo (NM), 
Novi Bečej (SK), Kumane, Melenci and Elemir (Supple-
mentary Fig. S1, Supplementary Table S1). The local 
corridor comprises a mosaic of steppe grasslands, 
saline soils/depressions and salt steppe ecosystems 
[2]. This is a highly important conservation area des-
ignated for providing protection to certain groups of 
species, plant communities and host sites recognized 
as protected areas, Important Bird Areas (IBA) [15], 
Important Plant Areas (IPA) [16], Emerald [17] and 
Ramsar [18] sites [10].
Population data acquisition
To capture the demographic traits of the 20 studied 
EGS colonies in Central Banat, during the period 
2013-2015, the animals were counted annually within 
0.25-ha plots [19]. Having an exact area to count the 
animals in allowed for a high accuracy estimation of 
the total number of individuals in the habitat patch. 
As part of this field survey, body weight and length 
were measured and age and sex determined. To deter-
mine the age of individuals, we used morphological 
characters such as body size and mass as well as molar 
and premolar wear [20]. The animals from the fourth 
age class were notably heavier and larger-bodied, with 
distinguishable marks on their teeth. The body condi-
tion coefficient (BCC) was calculated as a regression 
function of body mass and length [21]. All individuals 
identified as residing within a particular plot were 
captured and ere kept in cages until the end of the 
study day, and were subsequently released in the area 
where they were caught.
To calculate population sizes, the area each colony 
occupied inside the available fragment was first esti-
mated by mapping of the peripheral burrows at each 
locality using GPS Garmin eTrex Venture. Based on 
this information, we drew polygons of the occupied 
area in QGIS (3.2 Bonn). The number of captured 
animals was extrapolated to the total area occupied 
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by one colony and the number of individuals at each 
locality was estimated.
Spatial data
For spatial analysis, a buffer zone with a 1-km radius 
was applied, outlining each mapped occupied area that 
represents the maximal dispersal capacity of the species 
(Supplementary Fig. S1) [22]. Within the delineated 
area, the average seasonal normalized difference vegeta-
tion index (NDVI) and the automated water extraction 
index (AWEI) sourced from the time series of Landsat 
8 satellite images were calculated. To further develop 
the landscape structure within the specified radius, 
crop maps were used for each consecutive season from 
2013 to 2015. The crop maps were developed using 
a supervised random forest classification algorithm 
and data obtained from the time series of satellite im-
ages generated by the BioSense Institute [23]. Based 
on habitat use, management and type, the habitat 
suitability index (HSI) was developed for each of the 
20 localities within the study area (further details on 
this approach are given in Table S1). For each patch 
included in the analyses, the patch carrying capacity 
(PCC) was calculated, designating the relationship 
between habitat suitability, area and average density 
(i.e., PCC=patch area×patch suitability×average density 
in the patch type) [24].
Model calibration and sensitivity analysis
To analyze the relative relationship between land-
scape structure (environmental conditions within 
the buffer zone of 1-km radius) and demographic 
changes (population size and body condition of indi-
viduals), and to account for the year effect, a number 
of linear regression and linear mixed effect analyses 
were conducted. Based on the approach presented 
in [25], population-level GLMs and individual-level 
conditional mixed effect GLMMs were developed in 
R package Ime4 [26], R version 3.3.2 to study species 
demographic traits. 
To model the relationship between population size 
and seasonal changes in landscape structure, a GLM 
was developed, whereas the GLMM captured the re-
lationship between body condition of individuals and 
seasonal changes in landscape structure. For this pur-
pose, three components of landscape structure were 
defined: composition, capacity and productivity; and 
each dependent variable of each category was incor-
porated into the population GLM and the individual 
GLMM. The defined landscape categories are presented 
in Supplementary Fig. S2, whereby Category 1 denotes 
the composition and accounts for crop percentage (% 
crop), grassland percentage (% grassland) and the aver-
age area covered by water (AWEI); Category 2 pertains 
to PCC (suitability×area×density), and Category 3 relates 
to system productivity (NDVI). The significance of 
each dependent variable for predicting the variability 
in population size and body condition was investigated.
The model pertaining to each category that yielded 
the best fit to the data was compared to the global 
model (capturing all variables) as well as the null 
model. For assessing the body condition changes in 
the GLMM, crop percentage, grassland percentage, 
NDVI, AWEI and PCC were included as fixed effects 
and body condition as the criterion variable (Table 
1). Age structure of captured individuals, and local-
ity and year were included in the GLMM as random 
effects. Local population size served as a criterion 
variable in the GLM (Table 1). The model that yielded 
the lowest Akaike information criterion corrected for 
small sample size score (AICc) was chosen as the best 
candidate and also the variations within the popula-
tion or individual models were compared based on 
the maximum reliability test [27].
RESULTS
Population size and body condition
During the 2013-2015 study period, habitat patches 
in Central Banat on which European ground squir-
rel colonies were identified, differed in composition, 
capacity (PCC) and productivity, which affected the 
population size and body condition of the individu-
als (Fig. 1).
Global GLM, which includes all three components 
(Category 1, 2 and 3) of landscape structure, provided 
the best fit to the data pertaining to population growth 
(Table 1). Within the population models, the next most 
supported was the PCC (Category 2) model, followed 
by the landscape composition model (Category 1), null 
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model and system productivity (Category 3) (Table 1). 
On the other hand, based on the findings for the body-
condition GLMMs, the system productivity model 
(Category 3) emerged as the most optimal candidate, 
followed by the global model (Category 1, 2 and 3), 
which was found to be more significant than the null 
model and the PCC model (Category 2; Table 1).
Environmental variables 
For each colony in the study region, the percentage 
ratio of grasslands, crops and the average area cov-
ered by water during the active season of the EGS 
were identified as the population size-limiting factors. 
However, PCC, which depends on patch suitability 
and the area that the patch population occupies, was 
also significant. A small positive effect on population 
size was noted for the increase in grassland percentage 
and crop percentage, while the increase in PCC had 
a significant positive impact on population growth. 
Finally, an increase in the average area covered by 
water exerted a negative impact on population growth.
For capturing individual differences in body con-
dition, system productivity was the most significant 
variable as it directly related to the average available 
food quantity during the active season of the species. 
As expected, within the studied colonies, an increase 
in productivity had a positive impact on the body 
condition of the animals in different age classes. Co-
efficients of the selected variables for the best fitting 
models on population and individual levels are pre-
sented in Table 2.
DISCUSSION
The findings yielded by the models developed as a part 
of the present study indicate that land composition 
and PCC are the main determinants of the population 
size of endangered EGS. On the other hand, system 
productivity is positively related to an individual’s body 
condition after monitoring for variations across sam-
pling years and age classes. These results suggest that 
in agricultural landscape, human-induced conditions 
(e.g., crop rotation, water impact (irrigation), drainage 
and general water management or pastoral grazing 
management), are the main drivers of population-
level differences in size, while also indirectly affecting 
population structure. On the other hand, as environ-
mental abiotic factors (e.g., dry season precipitation 
or temperature) affect system productivity, they drive 
individual-level differences in body condition and 
indirectly influence population dynamic.
Species’ presence in a particular area is likely to 
be impacted by shifting resource availability due to 
changes in land use and habitat management [28,29]. 
Spatial and temporal structures, the amount, suitability 
and connectivity of habitat define the habitat use [30] 
and species’ responses to changes in spatial gradients 
reflect local population dynamics and distribution, 
as well as species’ life history traits [31]. In this work, 
compositional and structural features at the scale of 
a local patch and its surroundings were integrated 
to demonstrate the responses of the EGS in terms of 
habitat occupancy in a lowland area of Vojvodina. 
The results indicate that habitat occupancy is related 
to the observed variance in structural heterogeneity, 
which is in agreement with the findings given at the 
local [32] and landscape scales [33]. The present study 
findings further revealed that not only was the pres-
Fig. 1. A – Abundance of different age classes in European ground 
squirrel populations in central Banat; B – Body conditions of 
individuals of different age classes in populations in central Banat.
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ence of certain habitat types critical for determining 
habitat occupancy, but so were the intermediate com-
positional heterogeneity and the amount of resources. 
Other authors have reported that habitat suitability 
and connectivity increase the probability of successful 
reproduction and facilitate movement among distinct 
habitat patches [34,35], which is especially important 
in highly fragmented agricultural landscapes.
Landscape or habitat heterogeneity and spatial 
scale have been shown to impact site occupancy for 
various species or groups of species [36] and were 
found to be more influential on the persistence of 
specialist species relative to generalists [37]. Findings 
yielded by ecological studies in protected lowland areas 
of Vojvodina (e.g. the Special Nature Reserves Slano 
Kopovo and Okanj Bara, and Nature Park Rusanda) 
Table 1. Results of the multi-model selection based on AICc and log likelihood (LL) values for three categories of models within the 
population GLM and individual GLMMs.
K AICc ΔAIC AIC wt LL
Population level (unconditional) GLM
Category 1: landscape composition
AWEI + % crop + % grassland 5 135.18 0.00 0.98 -62.42
AWEI 3 143.64 8.46 0.01 -68.75
AWEI + % grassland 4 145.34 10.16 0.01 -68.56
% crop + % grassland 4 149.15 13.97 0.00 -70.46
% crop 3 150.17 14.99 0.00 -72.02
% grassland 3 150.29 15.11 0.00 -72.08
Category 2: Patch carrying capacity (PCC)
PCC = Area x patch suitability 2 125.32 NA NA NA
Category 3: System productivity
NDVI 2 148.94 NA NA NA
Model ranking (best fitting in each category)
Global (Composition + Capacity + Productivity) 7 107.83 0.00 1 -46.60
Category 1: AWEI + %crop + %grassland 3 125.45 17.62 0 -59.66
Category 2: PCC 135.18 27.35 0 -62.42
Null model (intercept) 2 148.45 40.61 0 -72.19
Category 3: NDVI 3 149.07 41.24 0 -71.47
Individual level (conditional) GLMM
Category 1: landscape composition
AWEI + % crop + % grassland 7 -426.97 0.00 0.67 220.80
% crop + % grassland 6 -425.90 1.07 0.24 219.19
AWEI 5 -425.24 1.73 0.28 217.79
AWEI + % grassland 6 -425.13 1.84 0.16 218.80
% crop 5 -420.84 6.13 0.03 215.59
% grassland 5 -418.53 8.44 0.01 214.43
Category 2: Patch carrying capacity (PCC)
PCC = Area x patch suitability 5 -419.50 NA NA 214.74
Category 3: System productivity
NDVI 5 -430.90 NA NA 220.45
Model ranking (best fitting in each category)
Category 3: NDVI 5 -430.57 0.00 0.74 220.45
Global (Composition + Capacity + Productivity) 9 -427.12 3.46 0.13 223.08
Category 1: AWEI + % crop + % grassland 7 -426.97 3.6 0.12 220.8
Null model (age + locality: year) 4 -420.55 10.02 0 214.39
Category 2: PCC 5 -419.15 11.42 0 214.74
*K – degree of freedom; ΔAIC – delta; AIC – score; AIC wt – weighted AIC score
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[38-40] highlight the importance of spatial structure 
within agricultural settings where the continuity of 
open grassland is interrupted. Every component of 
landscape structure examined in this study should 
thus be considered as an additional environmental 
factor limiting population size. The analyses reported 
in this work indicate that patch carrying capacity, 
which entails its management practice, and habitat 
suitability also influence population size. The popula-
tion size varies in relation to patch capacity because 
larger and more heterogeneous sites provide a better 
chance for population survival [41]. On the other hand, 
ground-dwelling squirrels act as ecosystem engineers 
contributing to within-patch heterogeneity by moving 
soil, modifying local plant distributions and creating 
annual-dominated assemblages [42-44]. Thus, the 
EGS plays a significant role in maintaining the diver-
sity and functionality of steppe and open grassland 
ecosystems, which are amongst the most vulnerable 
habitats in Europe.
The EGS is predominantly herbivorous, feeding 
mainly on typical grassland species such as grasses 
and legumes [45]. A significant difference in grassland 
vegetation between dry and wet years and its influence 
on ground squirrel diet have been demonstrated [46]. 
In this particular study, the proportion of dicots in the 
field during a wetter year was greater and the animals 
favored this group of species to monocots. Such cli-
matic effects on food supply are particularly important 
in spring, just after emergence from hibernation and 
during the reproductive period. Moreover, results 
obtained in a study focusing on two sites in Vojvodina 
showed that the abundance of most grassland plant 
species will decline due to the predicted climate change, 
whereby plants with the highest moisture index will be 
the most endangered [47]. Therefore, climate change 
has the potential to alter not only species composition 
but also system productivity.
High temperatures, but not extreme precipita-
tion events, can be well tolerated by the EGS [48,49]. 
Based on climate prediction models, in the future, the 
area covered by the present study will be affected by 
drought and extreme weather conditions [50], thus 
increasing the possibility of catastrophic events that 
could, along with altered ecosystem productivity, affect 
the species’ population survival. Jointly, these findings 
and forecasts highlight the importance of including 
reconnection of more suitable habitat environments 
in future grassland conservation efforts, which should 
also promote landscape management practices that 
enable animals to move across landscape unhindered.
The results obtained in the present study demon-
strate the importance of evaluating the relationship 
between species demographic traits and temporal 
changes in environmental conditions for scaling pop-
ulation changes. To ensure population persistence, 
there is a need to promote both local remnant open 
grassland and surrounding area conservation. Such 
comprehensive strategies would enable individuals 
to use a wider array of microclimate conditions [51]. 
The body condition and behavioral traits are closely 
related to the foraging of small mammal species. As 
increases in temperatures are forecast for the future, 
which may lead to uncertain food supply, the flex-
ibility of species traits and their capacity to adapt to 
Table 2. Model coefficients of selected variables for population and individual level top models for European ground squirrel habitat use 
within the Central Banat landscape structure.
Estimate Std. Error Adjusted SE Z value p (>|z|)
Population level GLM 
(Intercept) -0.3879697 0.8797184 0.8857399 0.438 0.66137
PCC 0.0050159 0.0009237 0.00093 5.393 1.00E-07 ***
% grassland 0.0043888 0.0020513 0.0020654 2.125 0.03359 *
% crop 1.5547895 0.347607 0.3499865 4.442 8.90E-06 ***
NDVI 0.4005007 1.2351119 1.2435669 0.322 0.74741
AWEI -0.5163714 0.1855644 0.1868347 2.764 0.00571 **
Individual level GLMM
(Intercept) -0.8615 0.2519 0.2534 3.399 0.000675 ***
NDVI 1.1398 0.3082 0.3103 3.673 0.000239 ***
* p significant level at p<* – 0.05, p<** – 0.001, p<*** – 0
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predicted and enhancing weather/climate changes and 
consequences related to resource availability remain 
to be elucidated [7].
In terms of land ownership, the grassland frag-
ments containing the colonies are public agricultural 
land and, therefore, the main task in their conservation 
is to prevent land use type change of these areas (ur-
banization, building or industrialization, forestation or 
infrastructure development), or management change 
to other agricultural purposes (plowing or turning into 
vineyards or orchards). Besides maintaining an appro-
priate land use type, our results show that grassland 
fragments must cover an area large enough so that its 
carrying capacity can support viable EGS populations. 
The habitat quality of the specific grassland patch de-
pends on grazing/mowing intensity, which should be 
determined for every patch based on vegetation char-
acteristics and productivity. Recent studies [52] have 
shown that the survival of EGS populations depends 
to great extent on the landscape characteristics of the 
area surrounding the colony patches and on enabling 
(or not) intercolony communication. The appropriate 
levels of heterogeneity and complexity of the agricul-
tural area surrounding the colonies can be achieved by 
applying specific measures, such as maintaining field 
margins, fallow land, etc. These findings point to the 
need for combining local conservation practices with 
landscape-level management.
Only a small number of EGS colonies in Vojvodina 
are located inside protected areas [52] where activities 
(such as agriculture, tourism, etc.) are monitored and 
directed by the appropriate authority, the Institute for 
Nature Conservation of Vojvodina Province. On the 
other hand, most colonies are a part of the regional 
eco network, whose legal framework should protect 
these localities from land management change. Ser-
bia, as non-European Union member state, is in the 
prepreparation phase of enforcing agri-environment 
schemes (AES) that will function under the future 
Common Agricultural Policy. Nevertheless, the pro-
posed local measures promote traditional agricultural 
practices and local farmers’ knowledge and are, thus 
in concordance with international legislative.
In summary, the well-documented decline of the 
EGS population should not be generalized indepen-
dently of ongoing changes in weather conditions and 
decadal climate prediction. Including demographic 
traits and behavioral flexibility in analytical models 
would significantly improve extinction risk assess-
ment for the EGS. Even though the trend that has 
been observed in phenotype changes of mammals as 
a response to climate change was mostly attributed to 
their phenotype plasticity, this was not confirmed for 
ground squirrel species [53]. Therefore, conservation 
planning and management actions in agricultural land-
scape should support ecosystem stability and include 
spatial adaptation strategies to respond effectively to 
predicted climate variability.
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